The regulation of NMDA current occurred without any rapid insertion of AMPA receptors into these synapses change in decay kinetics or in the voltage dependence in an NMDA receptor-dependent manner is thought to of the Mg 2ϩ blockade. The ratio of NMDA to AMPA curunderlie their maturation (Wu et al., 1996) and has also rent was similar from neuron to neuron and was not been proposed as a mechanism for long-term potentiamodified by activity, indicating that activity scaled both tion (LTP) (Isaac et al., 1995, 1997; Liao et al., 1995) . currents up or down in a proportional manner. Finally, Although there is some disagreement over whether LTP different synapses onto the same neuron had similar and long-term depression (LTD) regulate the amplitude NMDA-to-AMPA ratios, and this relationship was preserved by synaptic scaling. These data suggest that at synapses coexpressing AMPA and NMDA receptors,
. The relative ratio of these two receptor types at a synapse will therefore currents (mEPSCs) and excitatory postsynaptic currents (EPSCs) that arose from coactivation of both receptors profoundly influence the time course and summation of synaptic currents, as well as the amount of Ca 2ϩ influx and found that AMPA and NMDA currents were bidirectionally regulated by long-lasting changes in activity. As in response to particular patterns of presynaptic activity. This suggests that the ratio of these two receptor types demonstrated previously for the AMPA current (O'Brien at central synapses should be tightly regulated, but the et al., 1998a; Turrigiano et al., 1998), the change in NMDA factors that control this ratio are not well understood. The regulation of NMDA current occurred without any rapid insertion of AMPA receptors into these synapses change in decay kinetics or in the voltage dependence in an NMDA receptor-dependent manner is thought to of the Mg 2ϩ blockade. The ratio of NMDA to AMPA curunderlie their maturation (Wu et al., 1996) and has also rent was similar from neuron to neuron and was not been proposed as a mechanism for long-term potentiamodified by activity, indicating that activity scaled both tion (LTP) (Isaac et al., 1995, 1997; Liao et al., 1995) . currents up or down in a proportional manner. Finally, Although there is some disagreement over whether LTP different synapses onto the same neuron had similar and long-term depression (LTD) regulate the amplitude NMDA-to-AMPA ratios, and this relationship was preserved by synaptic scaling. These data suggest that at synapses coexpressing AMPA and NMDA receptors, pure NMDA events that would arise from synapses with All culture experiments were performed on neurons with NMDA but no AMPA receptors. a pyramidal morphology (see Experimental Procedures).
Since the kinetics of the AMPA and NMDA components of the mEPSC differ dramatically (Edmonds et al., 1995), they can be separated temporally to determine Measurement of Mixed AMPA-NMDA mEPSCs Activity scales the AMPA component of excitatory synthe amplitude or area of each component. Pure AMPA mEPSCs (recorded in the presence of APV) have rise aptic strengths up or down by modifying the AMPA quantal amplitude (Turrigiano et al., 1998) . To ask times under one ms, and the average decay time constant is 3.1 Ϯ 0.8 ms (n ϭ 64 neurons). The AMPA compowhether the NMDA component of mEPSCs changes in parallel with the AMPA component, we recorded mixed nent of the mEPSC will therefore decay to Ͻ1% of its peak value within 15 ms ( Figure 1B) , and measurement mEPSCs arising from activation of both AMPA and NMDA receptors ( Figure 1A ). To record mixed AMPAof pure AMPA events 15 ms after the peak showed that on average, the residual AMPA current was only Ϫ0.6 Ϯ NMDA mEPSCs, we obtained whole-cell recordings from pyramidal neurons in the presence of tetrodotoxin 0.3 pA at this time. To assess the rise times of pure NMDA events from our neurons under our recording (TTX) (to block spike-mediated release) and bicuculline (to block GABA A -mediated events). After washing out conditions, we recorded pure NMDA currents (in the presence of CNQX) from synaptically connected pairs external Mg 2ϩ , mEPSCs with two kinetically distinct of neurons (n ϭ 3) or measured pure NMDA mEPSCs mEPSC from each neuron was determined by integrating the current between 15 and 500 ms after the peak from recordings with exceptionally low noise levels (n ϭ 3; Figure 1C ). The NMDA currents peaked after 15.5 Ϯ (a time when the NMDA component had decayed back to baseline for most events). TTX and CNQX treatment 2.5 ms, close to previously reported values (Hestrin et al., 1990; Lester et al., 1990) , and the average NMDA increased the NMDA area to 235% Ϯ 37% and 256% Ϯ 43% of control values, respectively. In contrast, bicuculamplitude from isolated events was 102.3% Ϯ 4.6% of that obtained from mixed events. Therefore, to measure line treatment decreased the NMDA area to 42% Ϯ 13% of control values, while APV had no significant effect on the amplitude of the NMDA component of mixed mEPSCs largely uncontaminated by AMPA current, the NMDA area (121% Ϯ 21% of control values, control: n ϭ 16, TTX: n ϭ 16, bicuculline: n ϭ 9, CNQX: n ϭ 7, peak current (averaged over 5 ms) was determined in a window between 15 and 25 ms after the AMPA peak.
APV: n ϭ 6, p ϭ 0.0002, ANOVA; Figure 2B ). This method of measurement underestimates the NMDA area, beTo estimate the error in measurement of the AMPA component of the mixed mEPSCs, mixed mEPSCs were first cause it does not include the rising phase of the NMDA current. Consequently, we also calculated the area using recorded, and then APV was washed in to allow recording of pure AMPA mEPSCs. Values of the AMPA an alternative method, in which the decay phase of the average mEPSC from each neuron was fit with a double peak obtained from mixed mEPSCs were 106.5% Ϯ 3.5% of the values obtained from isolated AMPA events exponential, and the fast, predominantly AMPA component was subtracted from the average waveform to (n ϭ 4). leave the slow, predominantly NMDA component. This method gave results similar to those shown in Figure  Regulation (Figure 2A, left panel) . Block-
The Average NMDA-to-AMPA Ratio of mEPSCs Is Not Influenced by Changes in Activity ade of AMPA receptors for two days with CNQX (which largely abolishes spiking activity in these cultures) also Like the NMDA area, the amplitudes of the AMPA and NMDA components of the mEPSCs were also signifisignificantly increased both components of the mEPSC, while blockade of NMDA receptors for 2 days with APV cantly modified by activity. Amplitudes were measured for each individual mEPSC, and these were then aver-(which does not significantly influence firing rates) had no significant effect on either component (Figure 2A , aged to determine a value for each neuron. Both the AMPA and NMDA amplitudes were significantly inright panel). Figure 2C ). Similar results were obtained by first averaging all mEPSCs from a given neuron and then measuring the peak AMPA and NMDA current from the average mEPSC: TTX significantly increased both AMPA and NMDA amplitudes (to 157% Ϯ 18% and 168% Ϯ 21% of control values, respectively), and bicucilline significantly decreased both amplitudes (to 71% Ϯ 5% and 68% Ϯ 8% of control values, respectively). The NMDA-to-AMPA ratio measured in this way was also not significantly modified by activity (TTX was 107% Ϯ 14% of control values, and bicuculline was 95% Ϯ 5% of control values). Figure  5B ). These data strongly suggest that activity regulates the amplitude of NMDA currents by modifying the number of postsynaptic NMDA receptors.
Stationary Noise Analysis of

Student's t test).
Glutamate-Evoked Currents
Ratio of NMDA to AMPA Current at Individual Synapses from Pyramidal Neurons in Culture and Slice As described above, the ratio of NMDA to AMPA current averaged across all mEPSCs recorded from a given neuron is not influenced by the history of activity of the neuron ( Figure 2C ), indicating that the average amplitudes of the NMDA and AMPA currents change in parallel. But how tightly correlated is the relationship between the AMPA and NMDA amplitudes at individual synapses? To investigate this, the AMPA amplitude was plotted against the NMDA amplitude for each mEPSC recorded from a given neuron, and the correlation coeffi- To assess the uniformity of the NMDA-AMPA relationship across neurons, we randomly selected 30 events from each neuron and again plotted the AMPA amplitude 3 neurons). The correlation coefficients were not differagainst the NMDA amplitude. For control neurons, the ent for the two populations of events: the correlation correlation coefficient was 0.72, and for TTX-treated coefficients obtained for the fastest events were 103% Ϯ neurons, it was 0.78 ( Figure 6B ). Both slopes were signif-3% of the values obtained for the entire population, icantly different from zero (p ϭ 0.0001), and the slopes suggesting that electrotonic filtering is not introducing and intercepts were similar to each other for the two a significant degree of correlation between NMDA and conditions (control: slope ϭ 2.55, intercept ϭ Ϫ6.5; TTX-AMPA amplitudes. treated: slope ϭ 2.65, intercept ϭ Ϫ5.4). These data To determine whether a similar relationship between suggest that as long-term changes in activity modify NMDA and AMPA currents exists in cortical neurons the strength of a neuron's synapses, the relationship that have not been dissociated, whole-cell recordings between the AMPA and NMDA amplitudes at individual were obtained from neurons in layer 4 of P13-P16 rat synapses is preserved. visual cortical slices. An example is shown in Figure 7A , Electrotonic filtering is unlikely to introduce a signifiin which AMPA mEPSCs were first recorded in 2 mM cant amount of correlation between AMPA and NMDA Mg 2ϩ , and the Mg 2ϩ was then washed out to reveal the amplitudes, because rapid AMPA currents will be much large NMDA component. The average NMDA-to-AMPA more filtered than will slow NMDA currents (Spruston ratio was 0.41 Ϯ 0.03 for these neurons (n ϭ 6). Plotting et al., 1993), so filtering will not reduce both components the AMPA against the NMDA amplitude for individual of the mEPSC proportionally. To directly assess the efmEPSCs revealed a degree of correlation similar to that fects of electrotonic filtering on the degree of correlation, seen for pyramidal neurons in culture ( Figure 7B) ; the the correlations obtained for the fastest events (those correlation coefficient ranged from 0.37 to 0.91, and on with rise times faster than 0.7 ms) were compared with those obtained from the entire population of events (n ϭ average was 0.65 Ϯ 0.05 (n ϭ 6). The degree of correlation for mEPSCs evoked from a hot synapses, we used focal application of sucrose to elicit spot was very similar to that obtained from spontaneous mixed AMPA-NMDA mEPSCs from a restricted populamEPSCs originating from many different synaptic sites tion of synapses. For each neuron, we compared these onto the same neuron ( Figure 8B) ; the average correlato the mEPSCs arising spontaneously from a large numtion coefficient for evoked mEPSCs was 0.63 Ϯ 0.03, ber of synapses. When a patch pipette filled with suand for spontaneous mEPSCs was 0.65 Ϯ 0.03 (not crose was moved along a segment of the proximal apisignificantly different, n ϭ 6 neurons, p ϭ 0.53, paired cal-like dendrite, hot spots could be located where t test). These data demonstrate that the degree of correlation between AMPA and NMDA currents does not ejection of hypertonic sucrose evoked a burst of degrade as the number of synapses sampled from increases, suggesting that the correlation across synapses cannot be accounted for by variations in glutamate concentration from vesicle to vesicle.
A Constant Ratio of NMDA to AMPA Current across a Neuron's Synapses
The strong correlation between the amplitudes of the AMPA and NMDA components of mEPSCs from different synapses could arise because the ratio of receptors is relatively constant from synapse to synapse. One approach to determining if the NMDA-to-AMPA ratio is similar or different across synapses is to compare the mean and the variance of the NMDA-to-AMPA ratio at a small number of synaptic sites with those from the entire population of synapses ( Figure 9A) . If the ratio of receptors is similar at every synapse, then the ratio at any randomly selected synaptic site should be very close to the average ratio for the neuron. In keeping with this, the average NMDA-to-AMPA ratios obtained from hot spots (0.24 Ϯ 0.03) were very similar to those obtained from the spontaneous events arising from many synaptic sites onto the same neurons (0.26 Ϯ 0.02, n ϭ 6; Figure 9B ). In addition, sampling from many synapses with similar ratios should generate a distribution of ratios that is only slightly broader than the distribution from one or a few sites (Figure 9A, right) . In contrast, if the ratio of receptors is different at different synaptic sites, then sampling from many sites should generate a distribution of ratios that is significantly broader than that obtained at any one site ( Figure 9A , To focally rum-free medium containing B27 supplement (GIBCO). Briefly, videliver hypertonic sucrose, pipettes were filled with 0.5 M sucrose sual cortical cultures were prepared from P3-P5 rat pups, and in 0 Mg 2ϩ ACSF, and a picospritzer was used at 5 PSI to deliver whole-cell recordings were obtained in ACSF (see below). Experipuffs of 100-400 ms in duration. ments were performed after 7-10 days in vitro. All data were obTo perform noise analysis on glutamate-evoked currents, the tained in parallel on treated and age-matched sister control cultures. 
